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We investigate theoretically the optical response of bulk samples and thin films of the MAX phases
materials, accounting for their large electrical anisotropy. We reveal the unusual behaviour of the
reflection and transmittion spectra as a function of the incidence angle and predict the effect of the
inverse total internal reflection. We also investigate the behaviour of the surface plasmon modes in
bulk samples and thin films and analyse the difference between MAX materials and conventional
metals.
INTRODUCTION
The unique combination of metal and ceramics, the
so-called MAX phases, attracts the growing interest of
the material science community. It is a group of materi-
als described by the general chemical formula Mn+1AXn,
where M denotes an early transition metal, A is a group
IIIA or IVA element, X is either C and/or N and n =
1− 3[1, 2]. The existence of over 50 such phases was re-
vealed during the last decade. The MAX phases possess a
number of unique physical properties making them suit-
able for a variety of practical implementations. Due to
the anisotropic crystal structure (see Fig.1), they have ex-
tremely useful mechanical characteristics being stiff and
possessing fully reversible deformation properties [3, 4].
They are good thermal and electrical conductors [1].
Moreover, since the MAX phases are layered structures,
they demonstrate pronounced conductivity anisotropy:
the conductivity along the crystalline layers can be sev-
eral times bigger then across the layers [5]. Naturally,
this should lead to peculiarities of the optical response of
the bulk MAX materials and thin films.
Surprisingly, the optical properties of MAX phases still
remain under-investigated from both experimental and
theoretical points of view. From the theoretical side,
there are ab-initio calculations of the density of states
in MAX phases and its effect on dielectric function of
Ti3SiC2 and Ti3AlN2 phases [5, 6]. From the experimen-
tal side, large conductivity anisotropy was detected using
the optical methods in Ti2AlC and Ti2AlN phases show-
ing different optical response regarding the crystal axis
[5]. However, no detailed analysis of the angle resolved
reflectivity spectra of MAX phases was performed up to
now, to the best of our knowledge.
Considering good conductive properties of the MAX
phases and their ideal mechanical properties, the analy-
sis of the surface plasmonic modes in structure of their
basis for creation of the plasmonic waveguides also be-
comes an actual task. Surface plasmon polaritons are
confined electromagnetic states propagating across the
FIG. 1: (Color online) (a) Sketch of the MAX phase crystal
structure in xz plane. The conductivity in the system is pro-
vided by A atoms and is greater in x and y directions. (b) Ge-
ometry of the system for semi-infinite dielectric-MAX phase
interface for TM polarized beam. ε2 denotes the isotropic di-
electric constant of the media in contact with MAX phase,
while εxy, εz are components of dielectric tensor of MAX
phase.
metal-dielectric interface [7], which are of a great inter-
est due to the possibility of building the ultra-dense and
high-speed optoelectronic components [8]. The poten-
tial of the applications of MAX phases in this domain
remains unexplored.
The current letter is aimed to bridge the gap in the-
oretical description of the optical properties of the bulk
MAX phases and thin films on their basis. We analyze
the reflectivity spectra, predicting the interesting effect
of the inverse total internal reflection, and present a de-
tailed consideration of the plasmonic modes.
REFLECTIVITY SPECTRUM OF BULK MAX
STRUCTURE
The anisotropic nature of the MAX phases can be ac-
counted for by introducing a dielectric permittivity ten-
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ε =
 εxy 0 00 εxy 0
0 0 εz
 , (1)
where εxy and εz denote to the in-plane and perpendic-
ular to plane dielectric constants respectively, which can
be modelled using a standard Drude formula [7]
εxy,z = 1− ω
(xy,z)2
p
ω(ω + iγ)
, (2)
where ω
(xy,z)
p denote to the plasma frequencies corre-
sponding to in-plane and perpendicular to the plane di-
rections and γ describes the damping of the plasmons
in the system. The difference between ω
(xy)
p and ω
(z)
p
comes from the anisotropy of the conductivity, and it
is possible to find a region of the frequencies for which
εxy is negative, but εz is still positive. In particular,
this situation was discovered for thin films and bulk sam-
ples of Ti2AlC and Ti2AlN studied in the Refs. [5, 9].
E.g., the corresponding plasma frequencies for Ti2AlC
are ~ω(xy)p = 20 eV and ~ω(z)p = 16 eV with characteris-
tic relaxation times in the range τ = 2− 0.2 fs. In other
MAX phases, however, the plasmonic frequencies can lie
in the region of lower energies. From the point of view of
the optical properties it means that in certain range of
frequencies the system behaves as a metal in the xy plain
and as a dielectric in the z direction. Let us consider the
reflectivity as a function of the angle in this regime.
For the TE polarization of incident light the vector
of the electric field lies in the xy plane. Therefore, it
can be considered as an ordinary wave in birefringent
media with purely imaginary ordinary refractive index
no1 → nxy = i
√|εxy|. Naturally, this beam will be fully
reflected from the semi-infinite media as from metallic
surface if the damping can be neglected.
The case of TM polarized mode is much more interest-
ing. In this case the electric field vector lies in the plane
of incidence and thus the beam corresponds to extraordi-
nary one in birefringent material, for which the effective
refractive index depends on both εz > 0 and εxy < 0:
ne1 =
√
ε2 sin
2 φ(1− εxy
εz
) + εxy , (3)
where the permittivity of second media ε2 is taken to be
unity in further discussion. Depending on the incidence
angle, ne1 can be purely imaginary (small incidence an-
gles φ) or real (large incidence angles φ). In the first case
the beam is fully reflected from the interface, while in
the second it can penetrate into the MAX phase. The
reflection coefficients for TM polarized incident light as
functions of the angle of incidence are plotted in the Fig.
2 (a). The solid lines show the reflection for frequency
lying in the range ω
(z)
p < ω < ω
(xy)
p . The red line de-
notes to the dissipationless case, while crimson, pink and
FIG. 2: (Color online) (a) Reflectivity of the MAX phase
semi-infinite crystal for two different values of the frequency
ω. Red line corresponds to the case ω
(z)
p < ω < ω
(xy)
p (with-
out damping) and demonstrates the inverse total internal re-
flection, while other solid lines show the influence of optical
damping on reflectivity spectrum. Blue dashed line denotes
to the case of fully dielectric behaviour and shows the effect
of total internal reflection. (b) The attenuation length of the
free electromagnetic wave in the MAX phase and metal for
ωzp < ω < ω
(xy)
p (solid lines) and ω > ω
(xy,z)
p (dashed lines).
green lines describe reflectance with accounting realistic
optical damping rates γ taken from the Ref. [5]. Dashed
blue line shows the situation ω > ω
(xy,z)
p where both di-
electric constants εxy and εz are positive and response
is fully dielectric. One sees that the behaviour is quali-
tatively different in these two cases. For fully dielectric
response one clearly sees the effect of total internal reflec-
tion (reflectivity becomes unity above certain angle). For
εxy < 0 and εz > 0 the opposite behaviour is manifested:
full reflection for small incidence angles and transmission
above critical angle θc = arcsin[|εxy|εz/ε2(εz + |εxy|)],
the effect which can be considered as inverse total inter-
nal reflection. The account of the finite damping time
leads to the partial absorption of the light by a MAX
phase which leads to the deviation from perfect reflec-
tion at small angles, but the effect is still pronounced
even in this case.
Fig. 2(b) describes the dependence of the penetration
depth on the in-plane component of the wave vector of
the incident light q. One clearly sees that in the transient
region ω
(z)
p < ω < ω
(xy)
p , the behaviour of the penetration
depth in the MAX phase on q is opposite to those in
metal: it is an increasing function of q for the first case
and decreasing function in the second one.
SURFACE PLASMONS
Our next goal is to consider a surface plasmon polari-
ton (SPP) appearing at the boundary between isotropic
dielectric and anisotropic MAX phase media. It is a con-
fined electromagnetic mode of TM polarization for which
electric and magnetic fields decay exponentially in both
directions with κi being the inverse penetration depth to
the media 1 (MAX phase) or 2 (isotropic dielectric). In-
troducing expressions for electric field and magnetic field
3FIG. 3: (Color online) (a) Dispersion of SPP modes at the
interface MAX phase-vacuum (red solid) and metal-vacuum
(purple dashed). (b) The profiles of SPP modes at the in-
terface MAX phase-vacuum (red solid) and metal-vacuum
(purple dashed). (c) Decay length as a function of plasmon
wave vector for MAX phase (red solid) and metal (purple
dashed). (d) The dispersions of the symmetric and antisym-
metric plasmonic modes in thin MAX phase film (solid) and
metal (dashed) (d = 25 nm). Blue lines correspond to the
bulk surface plasmons.
vectors into the Maxwell equations and using standard
boundary conditions for the components of the fields, one
obtains straightforwardly the relation between q and ω
allowing to determine the dispersion of the surface plas-
mon at semi-infinite MAX phase–dielectric interface
q(ω) =
ω
c
√
ε2εz(ω)[ε2 − εxy(ω)]
ε22 − εxy(ω)εz(ω)
, (4)
where expressions (2) should be used for εxy,z(ω). The
decay constants are given by
κ1 =
√
εxy
εz
(ω)
[
q2 − εz ω
2
c2
]
, (5)
κ2 =
√
q2 − ε2ω
2
c2
. (6)
Fig. 3(a) shows the dispersion of the surface plasmonic
modes in semi-infinite MAX system compared to the case
of the isotropic metal with ωp = ω
(xy)
p . Fig. 3(b) shows
the spatial profile of the modes for three different val-
ues of q (q1 = 10
6m−1, q2 = 3 × 106m−1, q3 = 107m−1)
and Fig. 3(c) shows the dependence of the penetration
depths on q in a plasmonic mode for the MAX phase and
metallic media. One can note that for the MAX struc-
ture the surface plasmon decay length is smaller than for
metal, which results into stronger concentration of elec-
tromagnetic field of a surface plasmon near the interface
and leads to plasmon enhancement.
It is also possible to investigate surface plasmons in
thin film samples. The task is actual since many MAX
phases exist exactly in this configuration. The formal
derivation requires writing boundary conditions for both
sides of the film [10]. Two confined modes corresponding
to symmetric and antisymmetric distribution of the fields
in the real space appear in this case. Their dispersions
can be found from the following equations:
εxy
κ1
+
ε2
κ2 tanh(κ1d/2)
= 0, (7)
εxy
κ1
+
ε2
κ2 coth(κ1d/2)
= 0, (8)
where d is the thickness of the film and κ1,2 are given by
equations (5)–(6).
The corresponding dispersions are plotted on the fig-
ure 3(d) for the MAX phase and isotropic metallic film
with ωp = ω
(xy)
p . One sees that while dispersions of an-
tisymmetric modes for MAX and metallic systems are
clearly distinct, the symmetric modes coincide for both
cases and show small differences only in high momenta
region.
A great advantage of the MAX phases regarding us-
age in plasmonics devices as compare to the structures
based on metamaterials [11] is their unique mechanical
and deformational properties. The specific kink deforma-
tion can allow the creation of flexible plasmonic wires of
the desired geometry. However, the investigation of this
interesting configuration lies beyond the scope of present
paper.
CONCLUSIONS
In conclusion, we analysed the optical properties
of MAX phases accounting for their conductivity
anisotropy. For the case of different signs of dielectric
permittivity tensor components εxy and εz we predicted
the effect of the inverse total internal reflection. We also
considered localized surface plasmon polariton modes in
semi-infinite MAX structures and thin MAX phase films.
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